Renin progenitors appear early and are found in multiple tissues throughout the embryo. Besides their well known role in blood pressure and fluid homeostasis, renin progenitors participate in tissue morphogenesis, repair, and regeneration, and may integrate immune and endocrine responses. In the bone marrow, renin cells offer clues to understand normal and neoplastic hematopoiesis.
In the traditional, endocrine view of the renin angiotensin system (RAS), renin is synthesized and released by a few cells located at the tip of afferent arterioles at the entrance to the glomeruli, the juxtaglomerular (JG) cells (FIGURE 1). Upon release from JG cells, renin reaches the circulation and triggers an enzymatic cascade that culminates in the generation of angiotensin II (Ang II), a powerful vasoconstrictor and regulator of sodium reabsorption, responsible for most of the known actions of the RAS, including control of renal hemodynamics, blood pressure, and fluid-electrolyte balance. Tight regulation of renin release is therefore crucial for the precise operation of the RAS and maintenance of homeostasis. In addition to this classical view, it is becoming increasingly evident that other cells outside the kidney express renin and that the function of renin cells may not be limited to the regulation of blood pressure and fluid-electrolyte homeostasis. This brief review will explore the origin, regulation, and fate of renin cells in the kidney and advance the hypotheses that renin cells may have additional homeostatic roles in renal and extra-renal tissues.
Development of Renin Cells
In the mammalian embryo, renin cells emerge before organogenesis has been initiated. As development progresses, the cells appear in multiple organs and tissues, such as adrenal glands, testis, sympathetic ganglia, cartilage, stomach, and thymus (10, 44) . Their appearance in the metanephros, the definitive kidney of mammals, occurs later than in most other embryonic tissues. For instance, renin cells in the fetal adrenal are numerous and precede their appearance in the kidney (20) .
The progenitors for renin cells in the kidney have recently been identified (45) (FIGURE 2). Early in the development of the metanephric kidney (E12), three major structures can be recognized: 1) the ureteric bud that gives rise to the collecting duct and the ureter; 2) the condensing cap mesenchyme, an inner layer immediately adjacent to the ureteric bud that gives rise to most of the epithelial nephron including glomerular epithelium, proximal tubules, loops of Henle, and distal and connecting tubules; and 3) the loose mesenchyme, an outer layer that harbors Foxd1ϩ stromal cells and precursors for endothelial cells. The Foxd1ϩ stromal cells give rise not only to renin precursor cells (RPCs) but also to all the mural cells of the kidney vasculature, including smooth muscle cells and perivascular fibroblasts. Foxd1 cells are also progenitors for interstitial pericytes and glomerular mesangial cells (FIGURE 2). RPCs themselves, in turn, differentiate into smooth muscle cells, glomerular mesangial cells, and interstitial pericytes, as previously described (44) . Thereafter, RPCs participate in the assembling and branching of the kidney vasculature, where they are distributed extensively along large intrarenal arteries, in newly generated arteriolar branches, and inside the glomeruli in what later will become the glomerular mesangium (41, 44) . Thus, throughout fetal and early postnatal life, there is a continuous and stereotypical changing of renin distribution with the appearance of every new arteriolar branch. During this process and until the arterioles mature, renin distribution is extensive throughout the renal vasculature (FIGURE 1). When arteriolar development is completed, renin cells are confined to their "classical" JG localization, as usually seen in the adult unstressed animal. This pattern of development is reminiscent of the changes in renin distribution throughout phylogeny from the time of the first emergence of these cells in bony fish (31, 42) , suggesting that the ontogeny of renin replicates its phylogenetic history. fraction (0.01%) of the total kidney cell mass, 2) the cells have been very difficult to isolate to purity, and 3) when placed in culture, renin cells lose the ability to express renin. To solve these problems, the generation of a variety of reporter mice and cell models was necessary to interrogate with precision the molecular and signaling events that control the identity and fate of these cells (5, 19, 35, 37, 44, 51) .
The JG cell is perhaps the best known and most specialized of the repertoire of cells that at some point in life manufacture renin. As their name indicates, JG cells are localized at the entrance to the glomeruli within the wall of the afferent arterioles. They are plump compared with the flat smooth muscle cells situated along and upstream the afferent renal arterioles. JG cells also have a characteristic epithelioid appearance. Because they have granules that contain renin and myofibrils, they are often described as "granular myoepitheliod" cells.
Recently, the transcriptome of the JG cell was described and compared with the transcriptomes of practically every cell in the kidney (5) . As expected, JG cells express abundant renin transcripts and a complex array of smooth muscle genes such as smooth muscle myosin heavy chain, calponin, smooth muscle alpha actin, and several transcriptional (SRF, Mef2c, KLFs) and posttranscriptional (miR 145, miR 330, miR 125b-5p) regulators of the smooth muscle program (5) . It is interesting to ascertain from a physiological standpoint why these cells need to maintain a dual endocrinecontractile phenotype. We speculated that to maintain homeostasis JG cells should be able to contract and release renin on demand. We observed that JG cells maintain expression of smooth muscle and renin even under very challenging physiological situations. When renin expression is chronically stimulated, smooth muscle cells along afferent vessels re-acquire the renin phenotype. As a consequence, renin cells progressively cover the renal arterioles, a phenomenon that is conserved in mammals including humans (16, 49) . Even then, renin cells maintain expression, albeit diminished, of smooth muscle genes preventing the vasculature from behaving as a passive circulation. In a passive circulation, every change in blood pressure would result in a parallel, linear change in renal blood flow and glomerular filtration rate. In this situation, even small increases in blood pressure could result in proportional changes in GFR and diuresis with the resultant volume depletion and/or dehydration. From an evolutionary standpoint, the situation would be disadvantageous and eventually incompatible with individual survival. Usually, if the challenge is transient, even under extreme physiological situations, the pre-glomerular arterioles maintain the ability to contract and autoregulate renal blood flow and maintain GFR constant. However, in pathological situations such as the endocrine kidney generated by stenosis of the renal artery, autoregulation is defective.
Renal Arterioles, Glomeruli, and Interstitium Possess Cells Capable of Synthesizing Renin When Homeostasis is Threatened Afferent arterioles, and interlobular and arcuate arteries are invested with smooth muscle cells that are interconnected with each other and with surrounding interstitial pericytes. These cells retain the capacity to reexpress renin in response to a variety of physiological demands.
Under normal circumstances, secretion of renin by JG cells suffices to respond to minute-to-minute variations in blood pressure and maintain the renin levels required to support hemodynamic and fluid-electrolyte balance. However, when an adult mammal is exposed to manipulations that threaten homeostasis such as dehydration, hemorrhage, sodium depletion, or pharmacological inhibition of the RAS, circulating renin increases primarily due to an increase in the number of renin cells along the pre-glomerular arterioles (13) (14) (15) . The increased circulating renin eventually reestablishes blood pressure and body fluid homeostasis. However, if the disequilibrium persists and the need for renin continues, as in mice deficient in angiotensinogen (23) or treated chronically with hypotensive agents, additional smooth muscle-like cells (interstitial pericytes and glomerular mesangial cells) undergo re-transformation and are thus further "recruited" to synthesize renin in a pattern resembling that of the embryo (3, 54, 55) . Although this phenomenon has been denominated as "recruitment" (13) and sometimes JG cell "hyperplasia," it does not involve migration or replication of cells but a re-acquisition of the renin phenotype by interstitial, glomerular, or arteriolar cells that were capable of making renin during embryonic life (FIGURE 1). When this transformation occurs, the cells seem to de-differentiate: they change morphology, become epithelioid, make granules that contain renin, and express a set of genes characteristic of the renin phenotype, including Akr1b7 (aldo-keto-reductase 1B7), an enzyme recently identified as characteristic of the renin endocrine phenotype (5, 27) . The cells also express miR-330, a micro-RNA that is only expressed in JG cells when they are subjected to stimuli that demand high production of renin (29) . These findings indicate that adult kidney cells retain the plasticity to reenact the renin cell phenotype and suggest that developmental choices made in early life may affect physiological responses in adult life. It is plausible that the ability of renin cell descendants to retain the memory of the renin phenotype is dependent on strong epigenetic marks that are not erased during differentiation and are instead retained throughout the life of cells, even after they have differentiated into other cell types. In support of this hypothesis, the ability to reenact the renin phenotype does not only occur in vivo but is also maintained in long-term culture: we generated a cell model whereby renin cell descendants isolated from the kidney arterioles were labeled genetically with cyan fluorescent protein (CFP). These cells retain CFP expression even when they are transformed into other cell types. They also contain a reporter yellow fluorescent protein (YFP) driven by a transgenic renin promoter in a manner such that when transcription of renin is active, the cells also express YFP. When these CFPϩ cells are exposed to cAMP analogs and/or to histone deacetylase (HDAC) inhibitors, a fraction of the CFPϩ cells becomes YFP positive again and expresses endogenous renin mRNA, indicating that cAMP activated the renin promoter (37) . These changes were facilitated by increased acetylation of histone 4 around the cAMP-responsive element (CRE) of the renin gene opening the chromatin for renin transcription (34) . The experiments suggest that the ability of these cells to regain the renin phenotype is inherent to cells derived from the renin lineage. Because 
FIGURE. 2. Metanephric kidney progenitors and their derivatives
The ureteric bud, which expresses the transcription factor Hoxb7, gives rise to the ureter and collecting duct; the cap mesenchyme, which expresses the transcription factors Six2 and Cited1, gives rise to all the epithelial nephrons from podocytes and Bowman's capsule to the distal tubule; the loose stromal cells, which express the transcription factor Foxd1, are the progenitors for renin cells, vascular smooth muscle cells, mesangial cells, and interstitial pericytes. G, glomerulus; m, mesangium; JG, juxtaglomerular cells; aa, afferent arteriole; IA, interlobular artery.
the culture contains a pure population of CFPϩ clonal cells derived from the renin lineage, the recruitment of renin expression cannot be explained by migration of a few foreign lineage-unrelated cells as it recently has been suggested (56) . The results suggest that renin cell descendants retain a poised chromatin landscape favorable for renin expression in response to external stimuli. Therein is likely to reside the mechanism for these cells to switch back and forth between the smooth muscle and the renin phenotype. It has recently been postulated that a small fraction of renal mesenchymal CD44ϩ cells may be activated during sodium depletion and presumably migrate to the JGA, where they insert themselves as renin-producing cells (56) . The contribution of these cells to the recruitment process seems minor compared with the already available pool of cells capable of reexpressing renin on demand. Furthermore, given that JG cells do express CD44 as evidenced by single cell transcriptome analysis (17, 28) , it is not clear whether those CD44 cells descend from renin precursors and are simply reactivating the developmental program described above. Further studies are required to better identify those cells and determine the biological importance of this process if at all different from the classical reactivation of renin expression in renin cell descendants.
The cAMP Pathway cAMP regulates renin synthesis and release. It mediates the actions of numerous physiological signals (i.e., ␤-adrenoreceptor activation, adenosine, prostaglandins, low calcium) that regulate renin secretion (38) . cAMP also positively controls renin gene transcription and augments renin mRNA levels. Isolated renal arterioles and single arteriolar cells from newborn rats release renin and increase renin mRNA levels in response to adenylate cyclase stimulation. The increase in renin release is due to an increased number of renin-secreting and reninexpressing cells (recruited cells) without changes in the amount of renin secreted by individual cells (12) . Because the cells are immobilized atop the floor of a Cunningham chamber, renin expression and release occur without participation of a functional macula densa or cell migration. As described above, using cells harboring yellow fluorescent protein (YFP) driven by the renin promoter, we demonstrated an increase in the number of reninexpressing cells in response to manipulations that increase cAMP levels. These results in vitro corroborate numerous reports in whole animals (13, 14, 54, 55) indicating that the control of hormone availability is achieved by regulating the number of cells that express renin.
The 24, 33, 52 ). Creb and its associated coactivators CBP/p300 associate with the CRE site and integrate multiple signals that control renin synthesis and release. CBP and p300 are histone acetyl transferases (HATs) that deposit activating acetyl marks in histones, resulting in local relaxation of chromatin, nucleosomal displacement, and access of transcription factors such as Creb 1. In fact, conditional deletion of both HATs in renin cells resulted in a marked reduction in the number of reninϩ JG cells, diminished renin expression, and abnormal arteriolar development, indicating that CBP and p300 are necessary for the maintenance of renin cell identity and nephrovascular integrity. Furthermore, mice with deletion of both HATs could not recruit renin-expressing cells or increase circulating renin in response to a challenge to homeostasis.
Attesting to the importance of cAMP signaling in renin regulation, deletion of Gs␣, a more proximal component of the cAMP pathway in the renin cells, causes a reduction in renin cells in early life, accompanied by arteriolar branching defects and renal failure (8, 9) . These results emphasize the crucial role of the cAMP pathway in regulating renin cell fate and plasticity.
The Notch Pathway: Conveying Instructions Along the Renal Arterioles
Proper functioning and maintenance of the renin cell phenotype requires cell-to-cell communication. The Notch pathway is an ancestral cell-to-cell communication system involved in cell fate decisions during development and in response to physiological challenges in the mature animal (1, 4, 26) . Given that Notch receptors, their ligands, and their final transcriptional effector RBP-J are all expressed in renin cells, we hypothesized that Notch/ RBP-J may be involved in the acquisition and/or maintenance of the renin phenotype. To test this hypothesis, we deleted RBP-J in renin cells in vivo (6) . Mice with the conditional deletion of RBP-J had a severe reduction in the number of renin cells, low circulating renin, and decreased blood pressure. Furthermore, these mice were unable to elicit a recruitment of renin cells in response to a homeostatic challenge, indicating that RBP-J also is necessary to maintain the memory of the renin phenotype.
To determine whether RBP-J acted directly on the renin gene, we generated mice bearing either a bacterial artificial chromosome (BAC) reporting enhanced green fluorescent protein (eGFP) under the control of the wild-type renin promoter (WT-BAC-GFP) or a mutant (Mut-BAC-GFP) in which the four core nucleotides in the RBP-J consensus sequence critical for RBP-J binding were mutated. Mutant BAC mice had markedly decreased GFP mRNA and were unable to respond properly to a sodium depletion and captopril challenge, whereas WT-BAC-GFP mice were able to recruit GFPϩ cells upstream of the afferent arterioles. Thus RBP-J regulates the renin promoter directly and is also involved in the ability of smooth muscle cells along the arteriole to reacquire the renin phenotype. RBP-J governs other genes involved in the renin phenotype. Aldo-keto reductase (AKR1b7) is an enzyme coexpressed at high levels in renin cells during normal development and in response to homeostatic challenges (7, 27) . Recently, we showed that both genes, renin and Akr1b7, are regulated by cAMP in vitro and in vivo (27) . Given its coregulation with renin and the fact that AKR1b7 possesses binding sites for RBP-J, we examined whether Akr1b7 expression pattern is altered in mice with RBP-J deletion. Mice with deletion of RBP-J have significantly fewer AKR1b7 cells. This was accompanied by a frank decrease in the number of renin granules, indicating that RBP-J controls several components of the endocrine renin phenotype (7).
As described above, JG cells retain the ability to contract by expressing a variety of smooth muscle genes. In addition to endocrine genes, RBP-J controls the expression of smooth muscle genes and their master regulators, indicating that RBP-J/ Notch controls a genetic program that maintains the endocrine-contractile phenotype of the renin cell (FIGURE 3).
Renin cell fate tracing studies showed that the marked decrease in the number of reninϩ/ AKR1b7ϩ cells in RBP-J cKO mice was not due to a decreased endowment of renin precursors or increased cell death. In fact, the distribution of labeled cells was identical in control and mutant kidneys, suggesting that the decrease in renin cells was due to a switch of phenotype of former reninexpressing cells (which are present in the same locations in the kidney vasculature) to another cell type. So what was then the identity of those cells that expressed neither renin nor smooth muscle proteins? Those dually negative cells did not express endothelial, epithelial, or stem cell markers (7). However, arteriolar cells expressed genes characteristic of hematopoietic cells, indicating that, in renin cells, RBP-J normally suppresses the ectopic expression of genes from other lineages (7) . These findings are of interest because JG cells normally express transcription factors crucial for the commitment and differentiation of hematopoietic cells, including Early B cell Factor 1 (EBF1), Ikaros, HIF2␣, E2A, and RBP-J itself (2, 5) . The mechanisms involved in RBP-J suppression of genes from "other" unwanted lineages remain to be studied. FIGURE 3 shows that RBP-J controls the identity of the renin cell by 1) activating genes involved in the dual endocrine-contractile phenotype of the renin cell and 2) preventing the undesirable, ectopic expression of genes from other lineages, which could have severe consequences for the control of homeostasis. The effects of RBP-J deletion are more severe if the mutation occurs at an early stage of differentiation: deletion of RBP-J in the renal stromal Foxd1ϩ cells, the earliest progenitors for all the mural cells of the kidney vasculature, results in a decreased endowment of renin cells, mesangial cells, and smooth muscle cells, leading to altered vascular formation and glomerular aneurysms. Deletion of RBP-J in cells downstream in the Foxd1 lineage hierarchy (deletion of RBP-J in the renin lineage cells) does not result in overt morphological changes but leads to a remarkable change in the identity of the renin cell. Thus deletion of RBP-J in the early progenitor leads to a decrease of descendants, whereas deletion in the more differentiated renin cell progenitors results in a significant change in cell identity. These results suggest that the effects of RBP-J/Notch depend on the degree of differentiation and maturation of the target cells. A summary of RBP-J actions at different stages in the differentiation of the renin cell is depicted in FIGURE 4 .
Given that both the Notch/RBP-J and the cAMP/ Creb/CBP/p300 pathways control the identity and recruitment of renin cells, it would be of considerable interest to understand how these two systems interact to maintain the renin phenotype.
Identification of Renin Progenitors in Hematopoietic Tissues
While investigating the effects of RBP-J deletion on the identity of renin cells, we found that the bone marrow harbors a unique set of renin progenitors of relevance to our understanding of normal and neoplastic hematopoiesis (2) . As mice with RBP-J deletion in renin cells aged beyond 6 -8 mo, they developed overt signs of a highly penetrant form of pre-B-cell leukemia (2) . We performed an extensive series of experiments to characterize the disease and to identify the cell of origin for this striking disease. We found that cells from the bone marrow and spleen normally contain a subset of pre-B lymphocytes that express renin, and refer to these cells as B renin cells. B renin cells display remarkable developmental, biochemical, and transcriptional similarities with the more distant kidney JG cell (2) . Similar to JG cells, B renin cells in the bone marrow and spleen decrease in number as development proceeds. Interestingly, at all ages examined, B renin cells are 10 times more abundant than JG cells. Furthermore, the cells are responsive to physiological and pharmacological cues: they increase in number when angiotensin generation is decreased. B renin cells and JG cells also have in common the expression of transcription factors, notably EBF1, a well known regulator of lymphocyte development, Notch ligands, and receptors, and RBP-J among others (2) . This suggests a conservation of the regulatory machinery and a possible lineage relationship between hematopoietic and kidney renin cells. Both cell types require RBP-J to differentiate properly. Deficiency of RBP-J in kidney results in a significant decrease in the number of renin cells. B renin cells lacking RBP-J do not differentiate normally; they are held as precursors, lose control of their cell cycle, proliferate, and become neoplastic. In both cases, RBP-J controls cell fate.
The function of renin cells in hematopoietic tissues remains to be determined. In analogy with the kidney, it is possible that B renin cells control bone marrow structural morphogenesis and/or hematopoietic development. From an integrative physiological standpoint, it is tempting to speculate that hematopoietic renin cells are part of a systemic defense response coordinated not only to sustain blood pressure and fluid/electrolyte homeostasis but also to provide a rapid response to infections and exposure to foreign antigens. If this assumption proves correct, it will widen the defense functions of renin cells linking the endocrine and immune systems, two major ancestral mechanisms to maintain homeostasis.
Renin Expression and Renin Cells are Necessary for Nephrovascular Development and Regeneration
Total body deletion of the renin gene leads to severe kidney developmental defects. The kidneys have hypoplastic papillae, dilated renal pelvis, hydronephrosis, interstitial fibrosis, focal glomerulosclerosis, perivascular mononuclear infiltration, and concentric arteriolar thickening (48) . Given the complexity of this phenotype and the fact that renin had also been observed in tubules (40, 43, 50), it was not possible until recently to discriminate whether the phenotype was due to deficiency of renin in the vascular vs. the tubular compartment. Deletion of renin in each compartment clearly indicated that the entirety of the phenotype could be explained solely by the lack of renin in the vasculature (46) . In fact the phenotype of mice without vascular renin was identical to the one observed in the total renin KO mice. Those experiments also demonstrated that the major source of circulating renin is the kidney vasculature (46) . It should be noted that a similar phenotype was also described in mice deficient in angiotensinogen (21, 22, 30) , angiotensin converting enzyme (11, 18, 25) , or angiotensin receptors1a/1b (32, 53) . Curiously, mice in which renin cells were ablated with diphtheria toxin did not show the concentric hypertrophy of arterioles (36) , suggesting that reninproducing cells per se (as opposed to renin) may in part contribute to the vessel thickening, possibly by synthesizing some factor(s) other than renin that stimulates concentric vessel proliferation. This hypothesis is being tested in our laboratory.
Renin cells may have additional roles in tissue repair. Very recently, two groups of investigators showed that renin cells from the JG area participate in the replenishment of podocytes and mesangial cells in two different models of podocyte and mesangial cell injury (39, 47) .
In an experimental model that closely resembles focal segmental glomerular sclerosis, Pippin and colleagues followed the fate of cells from the renin lineage and showed that, after podocyte depletion induced with a cytotoxic anti-podocyte antibody, cells of the renin lineage repopulated a significant fraction of parietal epithelial cells of the Bowman's capsule and podocytes (39) . Thus, under pathological situations, JG cells are able to regenerate injured glomerular cells. Podocytes are said not to regenerate from remaining podocytes. In addition, they are not known to descend from renin cells. The intimate mechanisms as to how podocytes are regenerated from renin cells remains to be studied, but it is possible that, under the stress of injury, direct conversion or transdifferentiation of renin cells to podocytes may occur. In addition, parietal epithelial cells, a fraction of which may descend from renin cells (44) , may also give rise to podocytes. In this case, a reenactment of an embryological program, as in the case of the mesangial cells discussed below, may also take place.
Given that, during fetal and early postnatal nephrogenesis, renin precursors give rise to mesangial cells (44) , Starke and colleagues recently tested whether renin cells in the adult animal could regenerate the glomerular mesangium in an experimental model of mesangiolysis that resembles mesangial proliferative glomerulonephritis (47) . Using mice harboring inducible reporters to track the fate of renin cell precursors, they found that over two-thirds of the regenerating glomeruli were populated by cells derived from the renin lineage. Mesangial cells presumably arose from nearby renin containing JG cells. Upon differentiation, as it occurs during development, the newly differentiated cells acquired mesangial markers such as ␣8-integrin and platelet-derived growth factor receptor beta, and stopped making renin. It would be interesting to explore whether regeneration of mesangial cells in this instance results from the reenactment of the yet to be discovered molecular program used during differentiation of mesangial cells from renin precursors during normal kidney development.
Altogether, these experiments indicate that renin cells constitute a progenitor niche with the ability to regenerate injured cells from the glomerulus.
These interesting findings open new and exciting questions. The molecular programs underlying this regenerative process remain to be elucidated. Similarly, the signals and processes used by seemingly migrating JG cells to arrive at the site of injury to replace injured cells remain to be identified. It also would be important to determine whether the replenishment of cells is either a transient or a permanent phenomenon, a reaction to injury or a reparative process with long-term consequences accompanied by short or, even better, long-term functional changes such as improvement in proteinuria and/or other markers of renal function.
Overall, the studies briefly discussed above illustrate the versatile nature of renin cells and open new, fertile ground not only to understanding the biology of renin precursors per se but also to comprehending tissue repair and regeneration. Ⅲ
